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1.1 Research background 
Consumer products, such as machine components or elements, had gone through 
manufacturing processes to obtain desired shapes, dimensional accuracy and surface integrity. 
There are several methods applied during the processes, one of them is called material 
removal process, such as cutting, grinding, laser machining, and electrical discharge 
machining (EDM) [1-5]. In the metal-cutting process, there are two main types of material 
removal method. One of them is called turning process, while the other, is called milling 
process. In turning process, workpiece is rotated to be cut by a fixed tool, capable of various 
applications such as cylindrical machining. On the other hand, in milling process, the tool is 
rotated onto a workpiece to remove unwanted material to make a desired shape. In both cases, 
cutting tool plays an important role during the machining process with respect to chip 
formation, surface roughness and cutting energy [1-5]. 
In the metal-cutting process, the majority of the cutting energy is consumed by the 
plastic deformation occurring in the shear plane of the workpiece. Additionally, most of the 
energy is changed into heat, which promotes higher tool wear rate and greatly affected the 




quality of the surface finish of machined materials, which leads to the increment of production 
cost [1-5]. 
Conventionally, cutting oil is supplied in an excessive amount to the cutting point, which 
greatly influences product quality, as well as processing cost. The cutting oil plays a role in 
removing the heat from the work material and the cutting edge. In addition, cutting oil enables 
to reduce the cutting resistance by decreasing the friction coefficient due to the penetration 
between workpiece and tool flank plays a lubricating action [6-11]. It is believed that at a 
higher level, the cutting oil is capable of preventing oxidation onto the finished surface. 
Furthermore, cleaning process is needed for oil substance attached onto the workpiece after 
the process in the conventional method of supplying cutting oil during the machining process. 
The process adds an extra increment to the cost of waste oil management, and contaminates 
the working environment and soil due to the generated waste [12]. In spite of the importance 
and effectiveness of cutting fluid, conventional wet cutting method tends to shift to dry or 
semi-dry cutting processes, where a minuscule amount of cutting oil will be applied during 
the cutting process due to the economical and/or environmental reissues [12]. 
One of the most typical semi-dry machining is called MQL (Minimum Quantity 
Lubrication), in which fine droplets of cutting oil are mixed with the pressurized air and 
supplied to the proximity of the cutting zone [13]. The amount of lubricant applied is 
extremely small, approximately 1/10000 times of the amount of cutting oil in the conventional 
wet cutting process, which is expected capable in cooling-lubricating action, promoted as 
environmentally friendly processing technology. However, the currently available semi-dry 
cutting method is limited to a short period of processing time, due to inefficiency to remove 
heat as cutting temperature rises dramatically with increasing cutting speed [7-20]. 
 




1.2 Objectives of the study 
 This study aims to propose a new MQL system in turning difficult-to-machine materials. 
Additionally, finite-element analysis is applied to obtain more information in proposing this 
brand-new MQL system, which is called ‘Extreme Cold Mist’. In the process, 2 FEM 
analyses are proposed as summarized as Fig 1.1. 
Nevertheless, currently available FEM model is unable to estimate or calculate the 
effect of MQL properties and its characteristic, due to complexity in simulating 
inhomogeneous properties MQL mist molecule itself. Thus, in Stage I, a model that capable 
of estimating MQL by FEM method is proposed. In obtaining appropriate FEM model in 









Fig. 1.1: Stages required in proposing a new MQL system 
STAGE I 
Designing appropriate 
FEM models to evaluate 
MQL – evaluation on MQL 
lubrication effect 
STAGE II 
Surveying a new MQL 
system with means of 
FEM analysis – evaluation 
on MQL cooling effect 
STAGE III 
Application of the surveyed 
MQL system (Extreme Cold 
Mist) on turning process 
difficult-to-cut material 
 




and executed using the application package software Deforms™-3D. In the meantime, 
equivalent orthogonal cutting tests are executed in order to verify FEM model, as well as the 
appropriate parameters for MQL analysis. Several MQL systems are utilized to gain more 
information and clear understanding on the lubrication and cooling effects during the cutting 
process with MQL. 
In the next stage of the study, Stage II, a brand-new MQL system (Extreme Cold Mist) is 
surveyed with the application of the FEM model obtained from Stage I to understand its effect 
onto cutting temperature. During the survey of this new MQL system (Extreme Cold Mist), 
the effects of environment temperature and convective heat transfer coefficient are taken into 
consideration and studied. 
In the final part of the study, Stage III, the surveyed MQL system (Extreme cold mist) is 
applied onto the actual turning process of difficult-to-cut material, stainless steel SUS316. 
Comparison with various MQL systems is done to prove the effectiveness of the new Extreme 
Cold Mist MQL system during the conventional turning process.  
 
1.3 Thesis outline 
This study aims to invent a highly effectiveness MQL system in turning process through 
several stages, from the evaluation of the effect of MQL, until the utilization of the newly 
invented MQL system in the actual turning process. 
In the Chapter 2, overview of the fundamental of the metal-cutting process is covered. 
In the Chapter 3, FEM models design is explained. A number of models are designed, 
expecting to be able to evaluate the MQL process. Several parameters such as cutting force, 




chip thickness and contact length between tool and chip are analyzed. The most effective 
model in simulating and estimating MQL process is explained. 
In the Chapter 4, the analyses continue with the application of designed FEM model 
from previous chapter in evaluating the effect of MQL as coolant. Parameters such as room 
temperature and heat convection coefficient to the environment are taken into consideration. 
At the end of the chapter, a new MQL is surveyed with the application of FEM simulation. 
In the Chapter 5, the temperature measurement method applied throughout the study is 
explained. This chapter explains the overview of the pyrometer construction. The emission of 
infrared heated cutting tool edge is appreciated, and temperature is measured by the ratio 
between photovoltaic InAs element and InSb element. 
In the Chapter 6, the surveyed MQL system (Extreme Cold Mist) is applied onto the 
actual turning process. The experimental results in terms of cutting force, cutting temperature 
and surface quality from various types of MQL methods in turning process of difficult-to-cut 
material, stainless steel SUS316 is analyzed and compared.  
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OVERVIEW ON FUNDAMENTAL OF 
METAL CUTTING  
 
 
2.1  Introduction 
 
In this section, fundamental of metal cutting will be overviewed as well as the theories 
and previous works related to finite-element analysis on cutting process will be explained. In 
the metal cutting analysis, there are two types of cutting model commonly utilized, which are 
called as orthogonal and oblique cutting. During the orthogonal cutting, the chip is removed 
by the cutting edge which is parallel to the uncut surface (Fig. 2.1). [1-3]. Meanwhile, in the 
oblique cutting, the chip is removed by cutting edge that is inclined with an inclination angle 
in the direction of the tool feed and the work feed (Fig. 2.2).  
Most of conventional machining process is considered as oblique cutting, but 
orthogonal cutting has been extensively utilized during analysis due to its simplicity and 
easier to be understood, when equivalent chip formation is taken into assumption for both 
cutting model [1-3]. 
 






Fig. 2.2 Oblique cutting 
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Fig. 2.1 Orthogonal cutting 
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2.2 Physical behavior of material during cutting process 
 
Previous researchers have been extensively studied about the physical behavior involved 
during a cutting process. Earlier FEM models represented basic mechanics of analytical 
models. In general, metal-cutting process involves removing process of unwanted materials 
from the workpiece. Several reliable models were developed by the previous researchers to 
represent this process called slip line models. There are two types of slip line models being 


























2.2.1  Thin zone slip line model 
Thin zone slip line model is a simplified slip line model to describe formation of chip 
during high cutting speed, based on the following assumptions [10]:  
i) Material deformation is two-dimensional  
ii) The cutting tool edge is totally sharp,  
iii) Cutting tool is assumed only to be in contact with cutting chip on the rake face 
iv) Rubbing or contact is not occurred between cutting tool and workpiece.  
v) Equal resultant force existed on the shear plane, collinear with the force applied 
across the tool-chip interface from opposite direction. 
vi) Uniform stress is distribution across the shear plane. 
Fig. 2.3 shows the force diagram where the assumptions are applied, which is known 
as Merchant Force Diagram. Technically, two force components, Fp and Ft are taken into 
consideration, as the direction and magnitude of resultant force R is variable. These force 
components are shown as Eqs. (2.1) and (2.2). (α: rake angle, β: friction angle, b: width-of-




𝑡𝑏𝜏 cos(𝛽 − 𝛼)





sin 𝜃 cos(𝜃 + 𝛽 − 𝛼)
 (2.2) 
 
Shear stress, τ is considered constant over the shear plane, and assumed equals to 
workpiece material shear yield stress. Shear angle θ is considered as an important metal-




cutting parameter. Shear angle depicts the deformation characteristic during the machining 
process. Principle of minimum energy is taken into assumption when a constant cutting speed 





𝑡𝑏𝜏 cos(𝛽 − 𝛼) cos(2𝜃 + 𝛽 − 𝛼)
sin2𝜃cos2(𝜃 + 𝛽 − 𝛼))
= 0 (2.3) 
 








(𝛽 − 𝛼) (2.4) 
 
The relationship between chip thickness tc, undeformed chip thickness t and chip ratio 
r are shown in Eq. (2.5). Meanwhile, the relationship between chip ratio, r and shear angle, θ 











Shear force FS and normal force FN are shown by Eqs. (2.7) and (2.8). 
 
𝐹𝑆 = 𝐹𝑝 cos 𝜃 − 𝐹𝑡 sin 𝜃  (2.7) 
𝐹𝑁 = 𝐹𝑝 sin 𝜃 + 𝐹𝑡 cos 𝜃  (2.8) 
 




Shear stress τ and normal stress σ are shown as Eqs. (2.9) and (2.10), referring to Eqs. 
























Fig. 2.4 Relationship of shear angle θ with (a) chip thickness tc, (b) velocities v 






cos (𝜃 − 𝛼)





cos (𝜃 − 𝛼)
𝑣𝑤 (2.12) 
 
Here we denote shear zone thickness as Δy, shear strain ɛ and strain rate 𝜀̇ are given as 
Eqs. (2.13) and (2.14). 
 













2.2.2 Thick zone slip line model 
Thick zone slip line model is considered complex and describes the deformation of 
material at low cutting speed. Previous study applied the assumption of ideal plastic 
deformation of workpiece material [11]. It is assumed that shear stresses τOA , τOB and τOD are 
equivalent to material flow stress k, based on Okushima and Hitomi’s thick zone slip line 
model, as shown in Eq. (2.15) [11]. 
 
𝜏OA = 𝜏OB = 𝜏OD = 𝑘 (2.15) 
 
It can be understood that, τOA, τOB and τOD are described as Eqs. (2.16), (2.17) and 
(2.18) by referring to Fig. 2.5 (b: width-of-cut, lc: tool-chip contact length). 

















































































sin 𝛽 − cos 𝛽] (2.22) 
 
In the thick zone model, shear strain at A and B are described as Eqs. (2.23) and 
(2.24). 
 
𝛾A = 0 (2.23) 
 
 
𝛾B = cot 𝜃2 + tan(𝜃2 − 𝛼) (2.24) 
 
 
2.2.3 Flow stress constitutive material models 
The material flow stress models derive the relationship of true strain, strain rate and 
temperature onto true stress [12-14] of a material. Several well-known flow stress constitutive 
material models are discussed as below. 
 
 




a) Power Law Material Model   
Power Law material model (Eq. (2.25)) has been extensively utilized in estimating the 
flow stress for assorted materials with very large range of strain rate and temperature [12]. 
Meanwhile, when temperature effect onto strain rate is taken into consideration, Macgregor’s 
material model is derived from Power law material model (Eq. (2.26)). The term Tmod 
represents the velocity-modified temperature which have inverse relationship with flow stress, 
where increasing temperature reduce the flow stress magnitude [13] (σ: True stress, C: 
Strength coefficient, ε: true strain, n: strain hardening, ε̇: strain rate, m: strain rate hardening, 
n: strain hardening for Tmod function). 
 
𝜎 = 𝐶𝜀𝑛𝜀̇𝑚 
 
(2.25) 
σ = C (Tmod)ε
n(Tmod) (2.26) 
 




Shear Stress (τ) 









b) Johnson-Cook Material Model in Eq. (2.27) 
Johnson-Cook material model has been commonly employed for various materials. 
Since plastic deformation is usually the main deformation at high deformation rate, no elastic 
range is considered. [14]. 
 
σJC = (A + Bε




where, Tk = (T – Troom ) / ( Tmelt – Troom ) ,  
(A, B, C, n and m are constants) 
 
 
2.3 Contact mechanics and friction during cutting process 
 
In gaining more understandings on chip formation during metal cutting with FEM, 
contact mechanic during cutting process is one of the essential elements needs to be taken into 
consideration. When chip is formed after being separated by blade/tool edge from workpiece, 
it will remain in contact with a certain length of the blade/tool surface from tool cutting edge, 
called tool-chip contact length, lc, where it has direct relationship with the frictional condition. 
In the meantime, the heat generation is also affected by the size of contact length lc, and this 









Table 2.1 Example of tool-chip contact length model 
 
2.3.1  Tool-chip contact length 
The tool-chip contact length during a cutting process is assumed equivalent to the sum 
of the lengths for sticking and sliding region during one cutting process (Fig. 2.6). In the 
sticking region (region AB), it is assumed that contact shear stress is at maximum value and 
uniform. Meanwhile, in the sliding region (region BC), contact shear stress is decreasing 
down to zero until the chip is separated from the tool rake face in a power function. 
This tool-chip contact length lc is an important cutting parameter, as it is interrelated to 
the shear angle, slip-line characteristic, and stress distribution [11]. In most of the studies, 
tool-chip contact length is obtained based on empirical data, as shown in Table 2.1. 
 
2.3.2 Contact Friction 
The occurrence of friction during a metal-cutting process between the contact areas of 
cutting tool, removed chip and newly generated surface, is considered as complex, as cutting 
parameters (feed rate f, cutting speed vc and rake angle a) have critical influence to the 
Eq. Model Equation 
Work material 
(cutting speed vc m/min) 









Kato et al. 
Toropov & Ko 
𝑙𝑐 = 2𝑡c 
Al 6061 (1000) 
Copper (800) 
AISI 1045 (300) 
AISI 304 (140) 




cos α sin 𝜃
 
 
AISI 1016 (300) 




interface between tool, workpiece and chip, due to high normal pressure on the contact 
surface [15]. There are two basic types of the friction model, as shown in the following: 
 
a) Coulomb friction model 
Previous researchers state that the frictional force has a direct relationship to the 
normal force acting on the object to a certain factor, as shown in Eq. (2.31) (F: frictional 
force, μ: Coulomb friction coefficient, N: normal force). 
 
𝐹 = 𝜇𝑁 (2.31) 
Previous researchers had developed one of the earliest models to explain the friction 
occurred during metal cutting with the application of Coulomb friction, based on the 
assumptions as following [1-8];  
i) Workpiece shearing was largely contained within a plane with an inclination 
angle, β 
ii) A constant friction coefficient works on the resulting chip sliding surface (rake 






(𝐹𝑐 sin 𝛼 + 𝐹𝑡 cos 𝛼)
(𝐹𝑐 cos 𝛼 − 𝐹𝑡 sin 𝛼)
=  
(𝐹𝑡 + 𝐹𝑐 tan 𝛼)
(𝐹𝑐 − 𝐹𝑡 tan 𝛼)
= tan 𝛽 (2.32) 
 
 
b) Shear friction model 
Subsequent work regarding to the friction during metal cutting had been reported by 
many researchers. Previous researchers justified that, the variable local friction coefficient m 
occurs over the tool-chip contact length lc is variable (referring to Fig. 2.6), and discover that 




constant shear stress exist partially over the tool-chip contact length lc. Furthermore, normal 
stress decreases to zero from point A to point C, as shown in Fig. 2.6. 
The region between point A to B is defined as sticking region, where normal stress σn 
is extremely high and the chip is deformed plastically, resulting the chip to stick on the tool 
rake face. The magnitude of the normal force N affected the friction coefficient, which is not 
constant  
Additionally, the zone between point B to C is defined as sliding friction, where the 
area of contact does not approach unity to the total area ratio. Therefore, frictional coefficient 
is constant in this region, where the frictional force is directly proportional to the apparent 
area of contact and independent to the normal force N.  
It is assumed that, the appearance of friction coefficient is an average value based on 
both regions, according to Eq. (2.29). The lengths A-B and B-C will change according to the 
change of cutting conditions, subsequently change the value of the friction coefficients. In 
shear friction model, constant frictional stress is assumed on the rake face and the relationship 
of frictional stress, τ and shear flow stress, k is shown as Eq. (2.33) [15-19]. Here, m is 
constant friction factor. 
𝜏 = 𝑚𝑘 (2.33) 
In the earlier metal-cutting process FEM models, constant friction coefficient is 
assumed for the entire chip-tool interface based on Coulomb’s law. Usui and Shirakashi 
(1982) proposed a pioneer friction model, where frictional stress is estimated from a function 
of normal stress depicted by Eq. (2.34) (τf: frictional stress, σn: normal stress, kprimary: shear 
flow stress, μ: friction coefficient [19-21]. 
 










Shih (1990) considered sticking-sliding regions in explaining the friction phenomenon 
during metal cutting. The friction force in sticking region is assumed constant, while the 
friction force is assumed varying in sliding region [19-21]. 
Ozel (2006) applied various combinations of the friction model to obtain precise 
machining results of the tool-chip interface and estimated shear friction coefficient m = 0.82 
from the experimental data reported by Childs et al. (1997) [19-21]. 
 
2.4 Heat generation during cutting process 
 
Cutting-edge temperature has a consequential effect onto the characteristic of the 
machining process, since it greatly influences the tool life, tool wear progress, surface 
integrity and dimensional accuracy of work materials. Fig. 2.8 shows the main heat generated 
zones during a conventional cutting process. These temperatures influence surface integrity 
and machining accuracy, due to occurrence of thermal expansion during machining and 
metallurgical changes. 
 
(i) Primary deformation zone 
In the primary deformation zone, the plastic shearing process done at the shear plane is 
releasing heat and considered the main source of heat. The large amount of heat affects the 
mechanical properties of the work and tool materials. 




(ii) Secondary deformation zone 
In the secondary deformation zone, the deformation of chip and frictional contact of 
tool-chip interface become the source of heat generation. The heat generation and magnitude 
of temperature are highly affected by cutting conditions. 
(iii) Tertiary deformation zone 
In tertiary deformation zone, frictional contact between tool edge and machined 
surface become the source of heat generation. The heat generation and magnitude of 
temperature are highly affected by tool wear and workpiece surface finish. 
 
Numerous studies designed an orthogonal steady-state shear plane model in 
developing the method for determining the cutting temperature from the chip formation. 
Plastic deformation occurred in the shear plane generates heat (primary deformation zone), 
 
Fig 2.8: Main heat generation zones during cutting process 
 




and the heat flows inside the chip through conduction, into the tool through high-pressure 
frictional contact with chip and flows within the tool by conduction (secondary deformation 
zone). Additionally, from the moving chip and workpiece, the heat is also transferred into the 
environment through convection. Previous study made FEM model for temperature analysis 
according to following assumptions: 
 
i) The machining process is steady. 
ii) The tool, chip and work materials is continuous, homogeneous and isotropic as 
the crystalline of the work material is relatively small. 
iii) The process is two dimensional. 
iv) The tool is sharp. 
 
Primary deformation zone shear energy is assumed distributed uniformly, where the rate 
of shear energy Us is generated into heat in this zone is given by Eqs. (2.35) while Fs, vs and 
𝜙 are defined by Eqs. (2.36) and (2.37) (Fs: shear force along shear plane OA, vs: relative 
shear velocity). 
 
𝑈𝑠 = 𝐹𝑠𝑣𝑠 (2.35) 























Fh and Fv are the horizontal and vertical component of force, respectively, which is 
determined experimentally. The rate of shear energy per unit area us, by assuming it is 
distributed uniformly, can be written as the Eq. (2.38) (b: width-of-cut, t: undeformed chip 
thickness). Meanwhile, heat flux is expressed as Eq. (2.39), where it is assumed that all 













Fig. 2.9: Relationship of cutting parameters and heat generation 




2.5 Wear Mechanism in Metal Cutting 
 
Cutting tools' replacement cost is having a major fraction in the total operation cost. The 
cutting tool life span is estimated from its wear parameter. Capabilities of predicting tool life 
and understanding on tool wear mechanisms are important and necessary. This is due to 
economics and precision of machining operations effected by tool wear [27-37]. Wear in 
cutting tool occurs in many different ways [27], such as: 
• Edge wear/flank wear 
Edge wear and flank wear is normal, slow types of tool wear. However, these types of 
wear will accelerate when the work material is highly abrasive. 
• Cratering or top wear 
Cratering takes place behind the cutting edge, and occurs regularly in machining long 
chipping steels. If the crater increases large enough until reaching the cutting edge, the tool 
will fail instantly. 
• Chipping 
Chipping on a tool edge is a form of tool failure unable to be predicted. It is usually 
started when a high point on an edge breaks off. A stronger carbide grade, varied edge 
preparation, or lead angle modification may remove chipping. 
• Deformation 
Deformation of a tool or insert is due to heat build-up, difficult to be detected without 
the use of a microscope, although very detrimental to the machining process. Utilization of 
lower cutting speed or high heat-resistant tool often helps to prevent wear caused by 
deformations. 
 




Numerous research works are done, trying to come out appropriate method to suppress 
the wear progress. In metal-cutting, there are four well known tool wear mechanisms [32], 
which are:  
 
 
 Abrasive wear 
Abrasive wear is caused by the tool material that is removed by hard particles (hard 
elements, unstable built-up edge etc.) existed in the tool-workpiece interface [32]. 
 Adhesive wear 
Adhesive wear is caused by the removal or fracture of less wear resistance zone of 
cutting tool [32]. 
 Oxidation wear:  









etc. on tool face at high temperature, and then removed by chip and workpiece 
[32]. 
 Diffusion wear 
Diffusion wear is caused by the movement of tool material’s atom to the workpiece 
material due to concentration difference. The increases of temperature affected the rate of 
diffusion increment exponentially [28]. 
 




During orthogonal and oblique cutting, severe friction phenomena occurred on the tool 
rake and flank face are mainly caused by the high frictional stress at the tool rake-face and the 
chip interface, where varieties of wear pattern and scars can be observed, as shown in Fig. 
2.10 [32]. Flank wear (the formation of a wear land on the flank face) is not uniform and the 
common cause of this flank wear is abrasive wear, which can be estimated by measuring the 
change of the tool size or by observing its appearance [29]. 
During a conventional cutting condition, three main typical stages of tool wear can be 
observed. Fig. 2.11 shows the typical stages of the tool wear. The typical stages of wear are 
known as initial wear (pre-wear), steady wear, and severe wear [3]. 
Surface oxidation and micro-cracking, are mainly the cause of increasing size of the 
tool wear in the initial wear region. High contact pressure due to small contact area of a new 
cutting tool will also resulting in high initial wear rate. Hence, there will be a sudden spike at 
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the initial of the cutting processes until it gradually decreases, which means the metal-cutting 
processes approaching the steady wear state [3]. 
In the steady wear region, the wear rate increases linearly. Relatively constant wear 
rate is observed, where heat exchange rate is steady, and the cutting force is steady, which 
leads to a linear smooth line on the graph until it reaches a sudden spike, which indicates the 
metal-cutting processes approaching the severe wear region [3]. 
In the severe wear region, cutting force increase rapidly, and it is considered that the 
tool is unable to cut anymore, and the tool life already reaches its limit, resulting rapid 
temperature increment [3]. 
 
Previous studies had associate the tool wear generation with the cutting parameters in 
one cutting operations such as cutting speed vc and feed rate f directly. There are two types of 
 
 
Fig 2.11: Typical Stages of Tool Wear in Cutting 
 




wear models are available to express tool wear phenomenon, as shown in the following [38]: 
 
a) Tool life models 
Tool life models defines the relationship between cutting parameters and tool life, as 
shown in Eq. (2.40) [38] (vc: cutting speed, L: tool life, C1: constant). Taylor’s tool life model 
appear frequently for variety of cutting conditions. Nowadays, updated tool life models is in 
demand due to rapid advancement of machining technologies and invention of new materials 
such as laser sintered in industry, where a lot of work needs to be done to gain more 





b) Tool wear-rate models 
The tool wear rate model defines the rate of local volume loss per unit area per unit 
time on the contact zone of rake or flank face of the tool. There are two main tool wear rate 
models being commonly utilized, Takeyama-Murata’s wear model and Usui’s wear model. 
The Takeyama & Murata’s wear model, as shown in Eq. (2.41), considers the abrasive 
wear component and diffusive wear component of the cutting tool. Abrasive wear is highly 
affected by the cutting condition, while diffusive wear is related to cutting tool temperature 














Meanwhile, the Usui’s wear model, as shown in Eq. (2.42), takes chip sliding velocity 
vt, normal pressure N on the tool rake face, and cutting tool temperature T, which can be 









2.5 Numerical Formulation 
 
There are many studies available in FEM evaluating the workpiece, cutting tool 
interaction using different finite-element formulations. Many of the formulations are applied 
in conjunction with each other to model various conditions of the material removal process. 
High precision in predicting and estimating the cutting process is one of the objectives. These 
formulations are Lagrangian/updated Lagrangian formulation, Eulerian and Arbitrary 
Lagrangian Eulerian [38-47], and explained as following: 
 
a)  Lagrangian formulation / Updated Lagrangian formulation 
Lagrangian formulation is generally utilized in solving the mechanical's problems, 
where FE mesh element is made up by elements that covering the entire area of the body that 
is going to be analyzed and deformed as the workpiece material deformed during the 
simulation.  The Lagrangian model is used to estimate the chip geometry from the beginning 
until the simulation reaches a steady state. The chip separation criteria must be provided in 
this model [43, 47].  




The updated Lagrangian formulation is almost similar to the conventional Lagrangian 
formulations, but updated Lagrangian formulation is capable of starting the formulation at a 
given time, compared to the Lagrangian model, where it must begin at initial time zero [43].  
 
b) Eulerian formulation 
The Eulerian formulation was utilized for the steady-state condition, where the shape 
of the chip is known or modeled beforehand. The Eulerian formulation is preferable in fluid-
flow problems where the mesh elements are fixed in a controlled volume. Constant tool-chip 
contact length lc and chip thickness tc are taken into consideration when Eulerian formulation 
is utilized [45-46]. 
 
c) Arbitrary Lagrangian Eulerian (ALE) Formulation 
The ALE formulation is the combination of Lagrangian and Eulerian formulation. 
Where, material displacement in ALE formulation is solved by integration of Lagrangian and 
Eulerian step [21]. The ALE formulation is derived from two velocities, the material and the 
grid point. The model established mapping between velocities through time derivations. The 
Lagrangian formulation estimates the sum of mesh deformation to reduce the errors from 
mesh distortion, while the Eulerian formulation solves the relative displacement of the mesh, 
which is influenced by the deformation [21]. The Lagrangian formulation is utilized to predict 
the events of cutting from the beginning to the steady state, where the deformed chip and the 
temperature in the cutting zone are calculated. Once the steady state chip is archived, the 








2.6 Conclusion and summary 
 
This chapter explains the fundamental understanding on mechanics, parameters, 
models, and formulations involved in the metal-cutting process, and previous researchers tried 
to determine the effective way to understand and to gain higher precision of cutting results 
with the application of FEM. Cutting process is considered as complex, whereas involvement 
a number of parameters. Several FEM models were proposed, from simplified 2D orthogonal 
cutting model to complex 3D cutting model in FEM. It is an invaluable effort, in improving 
the knowledge and understanding, as well as increasing the efficiency in production, 
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Conventional wet cutting method has tended to shift to dry or semi-dry cutting due to 
a large amount of cutting fluid leads to the increment of power consumption and processing 
cost. In addition, the cutting fluid by-product obtained from the process pollutes the working 
environment that affected the health of the machine operators. Therefore, the development of 
Minimum Quantity Lubrication (MQL) machining is emphasized in solving and containing 
these matters [1]. 
In MQL cutting, a very small amount of cutting fluid is turned into fine oil mist, and 
supplied to the cutting point as semi-dry processing, expecting the promotion of the cutting 
performance of tools in terms of tool integrity, product finish and power consumption. 
Approximately only 1/10000 fluid volume of that in the ordinary wet cutting is consumed 
during MQL, which leads to cleaning the working environment and reduction of waste liquid 
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that lessen the overall processing cost [1]. Several researchers have been done in identifying 
the effect of Minimum Quantity Lubrication (MQL) during cutting process [1]. It is proven 
that MQL method can reduce the cutting force and cutting temperature, which leads to 
improvement of the surface finish and increment of tool life. However, it is still yet hard to be 
understood on how lubrication works during the cutting process because the frictional contact 
mechanism between cutting tool, and workpiece/chip is considered as complex [1]. 
Previous researchers have done several studies in order to identify the parameters 
involved during one cutting process and their relationships between cutting performances [2-
7]. The finite element method (FEM) is an important research tool in improving 
manufacturing and industrial capability, especially in mold making. However, it is considered 
difficult to design a perfect simulation model as the actual cutting process because of its 
complexity. 
 
This chapter aims to design appropriate Finite-Element Method (FEM) models to analyze 
the cutting parameters related to the effect of Minimum Quantity Lubrication and validated by 
equivalent experimental procedure. In the present study, parameters such as cutting force F, 
frictional coefficient µ, chip thickness tc, tool-chip contact length lc are observed under 
various cutting conditions to study the influence of MQL in terms of lubrication during one 
cutting process. 
 
3.2 Finite element method (FEM) models 
 
In recent years, application of finite-element method (FEM) has become renowned in 
simulating high speed machining. Finite-element method (FEM) is a numerical method that 
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separates a problem into smaller regions. It is proven useful in saving the research cost and 
time. In addition, it is capable of forecasting effects of cutting parameter such as cutting force 
and tool edge temperature [8][19]. In machining, estimated cutting forces and temperature, are 
applied in tool wear studies to obtain the optimum cutting parameters such as cutting speed, 
cutting depth, and others. With these conditions, cutting tool is optimized for its productivity, 
less experimental trial and expensive costs on tooling can be reduced [19]. 
FEM models in machining processes have been widely developed by many researchers. 
The simplest model for these analyses is the 2D orthogonal cutting. In this model, cutting-
edge moves perpendicular to the relative motion between cutting tool and workpiece to 
remove the unnecessary material from the workpiece with a constant uncut chip thickness [23-
25]. 
 
3.2.1 Parameters influence on cutting process 
Fig. 3.1 shows the overview of the main process in estimating the influence of MQL 
on cutting process by FEM. The process involves FEM model to estimate chip thickness to 
resemble the lubrication phenomenon of MQL. After the reliable chip thickness had been 
estimated, MQL influenced cutting process simulation will be executed with a practical FEM 
model. The accuracy of material deformation estimation is important, whereas the mechanical 
behavior of material is significantly related to the thermal behavior in the cutting process. The 
FEM model from the process in this chapter will later be applied in the following chapter, 
whereas the temperature generation during cutting process and cooling phenomenon of MQL 
will be studied, and new MQL method will be surveyed.  
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In this study, FEM simulation models in orthogonal cutting of mild steel, JIS-S45C is 
designed on the application software DEFORM™-3D, whereby the workpiece and cutting 
tool geometries are designed and simplified by the application of Computer-Aided Design 
(CAD), as shown in Fig. 3.2. DEFORM™ is a well-known commercially available FEM tool, 
with one of the best in graphical-user-interface (GUI), specialized in simulating metal forming. 
Additionally, the FEM tool employs Lagrangian formulation, which is suitable for 
large deformation, as well as capable of generating specific mesh density for severe 
deformation zone on the workpiece. In the simulation, the FEM cutting tool is designed to 
resemble the actual orthogonal cutting-tool geometry at the cutting point, with 0° rake angle 
and 10° clearance angle. The effect of tool edge radius is neglected, as the cutting depth is 
 
Fig. 3.1 Overview of main process in evaluating influence of MQL by FEM 
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more than 10 times larger than the tool edge radius in the equivalent experimental procedure. 
In the analysis, workpiece is designed to deform plastically, while the cutting tool is 
designed as rigid where elastic deformation of cutting tool is neglected due to the large ratio 
of Young Modulus, E between the tool and workpiece materials. In the analysis, denser mesh 
is designed at the tool-workpiece contact where significant plastic deformation occurred. 
Adaptive meshing, ability to re-mesh whenever tool and workpiece’s mesh overlapping 
occurred, is applied. The initial maximum number of elements in the tool is 10,000 elements, 
and 50,000 elements for the workpiece. Fig. 3.3 shows example of mesh structure in FEM 
model. All elements are constraints from distorting on Z-axis to limit the workpiece 
deformation in two-dimensional directions (X and Y-axes) only. The cutting condition and 
material properties for FEM application are shown in Table 3.1 and Table 3.2, respectively. 
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Table 3.1 Cutting condition for FEM application 
 
Cutting Tool TiCN-coated Cermet 
Workpiece JIS-S45C 
Cutting width w [mm] 1.0 
Depth-of-cut a [mm] 0.3 
Cutting speed vc [m/min] 50 ~ 200 
 
 
Table 3.2 Properties of workpiece materials for FEM application 
 
Material JIS-S45C 
Young modulus E [GPa] 212 
Density ρ [kg/m3] 7850 




Fig. 3.4 (a) Typical simplified model of orthogonal cutting 
 
 
Fig. 3.4 (b) Zorev’s stress distribution curves on tool rake. 
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In designing the FEM models that resemble the actual cutting behavior, previous 
researchers applied average frictional coefficients μavg, based on Coulomb's law of friction, 
calculated by Eq. (3.1), as shown in Fig. 3.4(a). It is assumed that, the friction coefficient μavg 
has a direct relationship to the actual friction phenomenon on the contact zone during the 






𝐹t + 𝐹𝑝 tan 𝛼
𝐹𝑝 − 𝐹t tan 𝛼
) (3.1) 
 
Additionally, earlier researchers justified that the normal stress, σn along the rake face 
is not constant, referring to Fig. 3.4 (b), while frictional stress τf is distinguished into two 
zones; sticking zone and sliding zone; as shown in Eq. (3.2). Here, k is the shear flow stress of 
 
 




Fig. 3.6 Orthogonal cutting setup 
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the local work material [15-16]. 
 
{
𝜇𝜎𝑛(𝑥) ≥ 𝑘          0 ≤ 𝑥 ≤ 𝑙𝑝, 𝜏𝑓(𝑥) = 𝑘
𝜇𝜎𝑛(𝑥) ≤ 𝜏𝑝𝑙𝑝 ≤ 𝑥 ≤ 𝑙𝑐,   𝜏𝑓(𝑥) = 𝜇𝜎𝑛(𝑥)
 (3.2) 
 
3.2.2 Orthogonal cutting test 
In order to validate the effective MQL parameters, a pseudo-orthogonal cutting test is 
carried out with 0° rake angle cutting tool. The orthogonal cutting workpiece is specially 
designed with cutting width w = 1 mm, as shown in Figs. 3.5 and 3.6. Here, the orthogonal 
cutting tool that has no groove or chip breaker is chosen to reduce geometry complexity.  
Fig. 3.7 shows the relationship between cutting speed vc and cutting force F for 
orthogonal cutting in dry condition. It is observed that, cutting force F for feed rate f 0.3 















Fig. 3.7 Relationship between cutting speed vc and 
cutting force F, for various feed rate f 
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mm/rev is higher than that for feed rate f 0.2 mm/rev, due to larger cutting load.  
Additionally, it is observed that, cutting force F decreases with the increasing of 
cutting speed vc. Cutting chip resulted from each cutting condition is observed and chip 
thickness tc is measured, as shown in Fig. 3.8, to ensure the chip formed in orthogonal shape. 
It is observed that, the size of saw-tooth shape of the chip is getting smaller as the cutting 
speed increases. Chip thickness tc is measured with a micrometer for each cutting speed vc 
condition and cutting ratio r is calculated, as shown in Fig. 3.9. Frictional coefficient μ is then 
being estimated through Eqs. (3.3) and (3.4), according to Merchant Force Diagram and 
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Fig. 3.9 Relationship between cutting speed cutting 
speed vc and cutting force F, for various feed rate f 
 
Cutting ratio r (f : 0.2)
Cutting ratio r (f : 0.3)
Frictional coeffecient µ (f : 0.2)
Frictional coeffecient µ (f : 0.3)
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It is observed that, cutting ratio r increases and friction coefficient μ decreases as 
cutting speed vc increases. However, the validity of estimated frictional coefficients μ is 
questionable, as the frictional coefficient μ for the low cutting speed vc < 100 m/min and low 
feed rate f < 0.3 mm/rev is larger than 1.0 (µ > 1.0). Thus, Minimum Energy Principal is 
assumed to be irrational, and it is decided that average friction coefficient μavg obtained by Eq. 
(3.1), is applied as the MQL friction coefficient μMQL for the study. 
 
3.2.3 Effective FEM models 
In modeling an accurate material deformation, several FEM models are proposed, 
where experimentally estimated friction coefficient μMQL is utilized into each model for each 







Fig. 3.10 Simplified FEM model (Model A ) 
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(a)  Simplified FEM model (Model A) 
The Simplified FEM model (Model A) is designed, as shown in Fig. 3.10, where the 
MQL friction coefficient µMQL estimated by Eq. (3.1), will be input into the model [15-19]. In 
this model, it is assumed that constant friction occurred on the whole tool rake face, regardless 
the length of sticking and sliding zones. The tool-chip contact length lc will be estimated by 
the FEM itself. In the meantime, Simplified FEM model (Model A) with µ = 0 are executed 
along with the MQL friction coefficient µMQL FEM model. The friction coefficients are chosen 
to reduce arbitrary speculation. The output characteristic will be analyzed and if a necessary, 
friction coefficient μcal is calculated by Eq. (3.5), and the simulation will be repeated with the 
similar FEM model.  
 
(b)  Chip thickness constraint FEM model (Model B) 
The Chip thickness constraint FEM model (Model B) is designed with additional 
Eulerian deformation constraint to optimize chip thickness formation (Fig. 3.11) [20-21]. In 
this model, arbitrary Lagrangian-Eulerian formulation is applied, where the gap size between 
the deformation boundary and the tool is equivalent to the measured/estimated value of the 
chip thickness, tc for each cutting speed. Simulation is executed with the exact MQL friction 
coefficient µMQL to study the relationship of the parameters during the cutting process. 
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3.3 Minimum quantity lubrication (MQL) for orthogonal cutting 
 
In the study, the effect of minimum quantity lubrication (MQL) onto cutting 
performance is analyzed. Until now, application of MQL in orthogonal cutting is not well 
discussed and done, due to the limited application in the industry. However, in studying the 
effect of MQL during cutting process, orthogonal cutting is suggested, whereas the complex 
geometry of the conventional cutting tool is neglected, and the effect of MQL can be focused 
on. In the study, two MQL supplying methods are designed; external and internal MQL 
methods. Effectiveness of both methods is compared, and the method with the highest 







Fig. 3.11 MQL estimation FEM model (Model B) 
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Fig. 3.15 Cutting speed vc-cutting force F relationship comparison 
between dry cutting and external MQL supplying method 
 
 















Fig. 3.14 External MQL supplying method 
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3.3.1 External MQL supplying method 
In the beginning stage of the MQL application during the orthogonal cutting, an external 
type of MQL nozzle is designed to supply oil mist to the cutting point, as shown in Fig. 3.14. 
The experiment is done with the similar cutting conditions for dry cutting process to analyze 
its effectiveness, and the result is shown in Fig. 3.15. The characteristics of cutting fluid 
supplied are shown in Table 3.3. It is observed that, cutting force F generated from the cutting 
process with the external MQL method shows slight decrement compared to cutting process 
with dry, whereas the efficiency is about 5%. It is assumed that this efficiency is low as it is 
assumed that MQL mist is unable to penetrate the contact area between tools and chip 
effectively. It is also assumed that, distance from the nozzle outlet to the cutting the zone must 
be taken into consideration in designing the MQL supplying method. Due to this low 








Table 3.3 Characteristic of cutting fluid for external MQL supplying method 
 
Oil Type Vegetable oil (LB-1) 
Viscosity [mm2/s] S45C 
Oil Contents [%] 99 
Supplied Rate [mL/h] 18 
Supplied Zone Rake face 
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Fig. 3.17 Cutting speed vc-cutting force F relationship comparison 










Fig. 3.16 Internal MQL supplying method 
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3.3.2 Internal MQL supplying method 
Internal MQL supplying method is proposed by redesigning an insert clamp to have 
MQL inlet and outlet capable of supplying oil mist to the cutting zone, as shown in Fig. 3.16. 
The MQL supplying method in orthogonal cutting is different compared with MQL supplying 
method in conventional one, whereas the MQL inlet and outlet are designed on the tool holder. 
Maximum tool-chip contact length lc generated from cutting process in dry cutting is taken 
into consideration, and the position of the nozzle outlet from the contact zone is estimated. 
Cutting process is done with similar cutting condition to external MQL supplying method. 
The experimental results are shown in the Fig. 3.17, and effectiveness comparison is done. 
It is observed that, the effectiveness of MQL increases up to 15% with the updated 
designed internal MQL supplying method. It is justified that, the nozzle positioning and the 
distance of the outlet from the cutting zone are important MQL nozzle characteristics in 
obtaining higher effectiveness MQL system. 
From the finding, it is decided that, the internal MQL supplying method will be 
utilized throughout the study. There are two types of cutting fluid, Oil-A and Oil-B, which are 
utilized based on the variable composition between nontoxic vegetable oil and water. The 
composition of Oil-A is 99% vegetable oil and 1% water, while the composition of Oil-B is 
30% vegetable oil and 70% water. Oil-A is supplied at 30 mL/h, while Oil-B is supplied 100 
mL/h onto the tool rake face during the cutting process. It is to ensure equivalent lubrication 
property for both types of cutting fluid. Additionally, Oil-B has further coolant property. The 
characteristics of cutting fluid for internal MQL supplying method in the study are 
summarized in Table 3.4. 
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3.4 Experimental and FEM results and discussions 
 
3.4.1 Influence of MQL onto cutting force, chip thickness and contact length 
behavior in orthogonal cutting 
Fig. 3.18 shows the relationship between cutting speed vc and cutting force F in 
various MQL methods, while Fig. 3.19 shows the relations of cutting speed vc, tool-chip 
contact length lc and chip thickness tc for Dry, Oil-A and Oil-B condition. It is observed that, 
the magnitude of principal Fp and thrust force Ft decrease as the cutting speed vc increases in 
general. Similar trend is observed for tool-chip contact length lc and chip thickness tc, where 







Table 3.4 Characteristic of cutting fluid for internal MQL supplying method 
 
Oil Type Vegetable oil 
Viscosity [mm2/s] 37 












Oil Pressure [Mpa] 0.6 
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Fig. 3.19 Relationship between cutting speed vc, chip thickness tc 




Fig. 3.18 Relationship between cutting speed vc and 
cutting force F in various MQL methods 
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It is understood that, the magnitude of cutting forces F have a direct relationship to the 
cutting load and the tool-chip contact characteristic, whereas lower magnitude of cutting 
forces F, size of contact length lc and chip thickness tc are observed during the application of 
MQL onto the cutting process. It is assumed that, the existence of MQL molecule on the tool-
chip contact zones is capable of reducing the frictional stress, whereas the MQL molecule is 
assumed to act as a roller or spring like element. 
 
3.4.2 Finite Element Method (FEM) model in material deformation analysis 
(a)  Simplified FEM model (Model-A) 
MQL friction coefficient μMQL obtained from Eq. (3.1) is adopted into the Simplified 
FEM model (Model A), and its capability of imitating the cutting process is analyzed in terms 
of cutting force F, chip thickness tc and tool-chip contact length lc. It is observed that, the 
Simplified FEM model (Model A) is capable of estimating the cutting force F with a similar 
trend with experimental results. However, only thrust force Ft is estimated accurately, while 
principal force Fp is estimated with large error when validated with the experimental data (Fig. 
3.20).  
Simultaneously, it is also observed that, tool-chip contact length lc is estimated with 
high accuracy, while chip thickness tc is estimated with large error (Fig. 3.21). It is assumed 
that, there are possible relationship between the chip thickness tc and the principal force Fp, as 
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Fig. 3.21 Relationship between cutting speed and contact length and chip 




Fig. 3.20 Relationship between cutting speed and principal force and thrust force estimated 
by Simplified FEM Model A 
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Fig. 3.23 (a) Estimated principal force F and chip thickness tc by calculated friction 






Fig. 3.23 (b) Estimated thrust force F and contact length lc by calculated friction 
coefficient, μcal input  
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In gaining more understanding, the FEM input fictional coefficient, µcal is calculated 
mathematically through Eq. (3.4), to obtain reliable chip thickness tc. The Simplified FEM 
model (Model A) is re-executed with calculated frictional coefficient, µcal, and the estimated 
results are shown in Fig. 3.23 (a).  
It is observed that, chip thickness tc is estimated with a good agreement with the 
experimental data, as well as accuracy of principal force Fp is significantly increased. Vice 
versa, thrust force Ft is estimated with large error, as the tool-chip contact length lc is also 
estimated with large error. Hence, it can be concluded that chip thickness tc and MQL friction 
coefficient µMQL input are really important parameters for the FEM to estimate principal force 
Fp and thrust force Ft. 
 
(b)  Chip thickness constraint FEM model (Model B) 
Based on the information obtained from the Simplified FEM model (Model A), the 
Chip thickness constraint FEM model (Model B) is utilized; where an additional Eulerian 
deformation constraint is added with the gap between the deformation-constraints to the 
cutting tool surface is equivalent to the size of MQL chip thickness, tc ( ≈ texp). Additional to 
the deformation constraint, the Chip thickness constraint FEM model (Model B) is executed 
with MQL friction coefficient µMQL input.  
As the result, it is observed that, the Chip thickness constraint FEM model (Model B), 
estimates principal force Fp, thrust force Ft and tool-chip contact length lc with a good degree 
of accuracy, as shown in Figs 3.24 and 3.25. It can be concluded that, behavior of MQL can 
be estimated by the FEM in terms of lubrication effect, from MQL friction coefficient μMQL 
and chip thickness tc. 
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Fig. 3.25 Relationship between cutting speed vc 






Fig. 3.24 Relationship between cutting speed vc and cutting force 
F estimated by MQL estimation FEM Model B 
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Fig. 3.26 FEM MQL evaluation process 
CHAPTER 3: EVALUATION ON THE INFLUENCE OF MINIMUM QUANTITY 




(c)  FEM MQL evaluation process 
It can be summarized from the finding that, it is capable of arranging the Simplified 
FEM model (Model A) and the Chip thickness constraint FEM model (Model B) to evaluate 
MQL assisted cutting process. The process flow is shown in FEM MQL Estimation Process in 
Fig. 3.26.  
At the beginning of the process, in STEP 1, FEM model-A estimates the chip thickness 
mathematically from the input MQL friction coefficient µMQL.  Next, in STEP 2, FEM model 
B estimates the principal force Fp, thrust force Ft and tool-chip contact length lc with the input 
MQL friction coefficient µMQL and calculated chip thickness tcal by FEM model-A. Finally, 
MQL evaluation is executed.  
It is needed to be taken into consideration that the presented FEM MQL evaluation 
process is limited under the conditions applied throughout the study, such as, tool and 
workpiece geometry, material properties and coating type. It is needed to further the study in 
utilizing the FEM MQL Estimation Process for different cutting condition, material and MQL 




In order to evaluate MQL assisted cutting process in terms of lubrication effect by 
FEM, two FEM models have been proposed, and several conclusions can be made as 
following:    
1. Both FEM models work in a serial manner, and the validity of the models is 
verified by equivalent experimental procedure of dry and MQL cutting tests.  
2. Experimentally obtained data such as the cutting force F; MQL friction 
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coefficient µMQL, tool-chip contact length lc and chip thickness tc are utilized in 
validating the FEM model accuracy. 
3. The FEM models applied Lagrangian and Arbitrary Lagrangian-Eulerian (ALE) 
formulations in estimating the chip thickness. This chip thickness will then be 
input into FEM model with the Arbitrary Lagrangian-Eulerian (ALE) 
formulation to estimate principal force Fp, thrust force Ft and tool-chip contact 
length lc. 
4. It is found that cutting force F has a direct relationship with MQL friction 
coefficient µMQL and chip thickness tc. This phenomenon is evaluated by FEM, 
where various MQL friction coefficient µMQL inputs for various types of MQL 
obtained from the equivalent experimental procedure. 
5. The FEM shows good agreement with the experimental results. The study shows 
that FEM is able to evaluate and to aid in understanding the influence of MQL 
during the cutting process. 
6. Further study can be done in various types of MQL such as high-pressure 
coolant and cryogenic cutting process and cutting process of difficult-to-cut 
material.  
It is hope that the reliable FEM model in simulating and estimating the influence of 
MQL onto cutting process behavior applied in the study can be utilized in real life situation in 
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EVALUATION ON THE INFLUENCE OF 
MINIMUM QUANTITY LUBRICATION 
DURING CUTTING PROCESS BY FINITE 






During a machining process, cutting fluid is applied to reduce the friction levels and 
suppress the significant increment of cutting temperature [1]. However, the main role of 
cutting fluid application is to remove heat at the contact zone between tool and chip thickness, 
and between tool and finished surface. The efficiency of cutting fluid to act as a coolant is 
measured by defining the temperature and its distribution in the cutting zone [2, 3].  
Various temperature measurement techniques are applied through experimental 
methods in characterizing cutting temperature such as, thermocouple methods [4], infrared 
imaging [5] and micro structural change [6]. Several numerical models are established to 
predict the temperature at the shear plane based on mechanical energy, and relationship 
between the characteristic of resistance at the tool-chip interface, to increase the 
understanding on temperature distribution during the cutting process. Among these models, 
finite-element analysis is applied by predicting the effect of cutting fluid on the temperature 
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distribution in machining by comparing with experimental data [7]  
Recently, Minimum Quantity Lubrication (MQL) has been extensively utilized during 
the machining process, where it is aims to be able to improve the process by combining the 
positive characteristic of wet and dry machining. It is proven that MQL can decrease 
manufacturing costs, as well as improvement of working environment [8]. Previous 
researchers examined the effect of MQL on temperature, surface roughness and machining 
process, along with the influence of other parameters such as cutting speed vc, depth-of-cut a, 
feed rate f and nozzle position [9]. It is found that lower cutting force and temperature 
obtained from MQL assisted cutting compared to dry and wet machining. It is thought that 
lesser wear and better surface roughness were obtained during the process [9].    
It is found that application of FEM is rarely done in analyzing MQL, due to limited 
understanding on the behavior of inhomogeneous physical property of MQL mist [7]. 
Previous study modeled the cutting fluid simulation with the application of computational-
fluid-dynamic (CFD) approach. However, heat transfer characteristic between chip and tool is 
not taken into account, where it is hard to estimate the influence of cooling and lubricating 
effects with cutting temperature [10-12].   
This chapter aims to study the influence of MQL during cutting process with means of 
FEM in terms of cutting temperature and cooling effect. Previous chapter has discussed the 
parameter requirement to study MQL influence in terms of chip deformation and cutting force. 
In this chapter, investigation is done by adding further process in FEM, temperature boundary 
condition. The Updated FEM MQL Estimation Process Flow is shown as Fig. 4.1, where 
STEP 3 is added for estimating cutting temperature. 
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Fig. 4.1 Updated FEM MQL evaluation process for estimating cutting temperature 
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The FEM model built for STEP 1 and STEP 2 were explained in Chapter 3, while this 
chapter will discuss specifically on cutting temperature estimation by FEM method in STEP 3. 
It is assumed that in obtaining precise estimation of cutting temperature affected by MQL, it is 
important to obtain reliable MQL influence deformation beforehand. This matter was 
discussed in Chapter 3, and it is concluded that, it is possible to obtain accurate MQL 
influenced material deformation by FEM.    
In this chapter, there are several types of cutting fluids applied during the MQL 
process, in which oil-based cutting fluid purposely as a lubricant, water-soluble or emulsion-
based fluids as a coolant is used. It is revealed that water-based MQL system can reduce 
cutting temperature, whereas water is effectively exchanged with the environment through 
conduction due to its higher specific heat capacity compared to oil based cutting fluid [12].    
 
4.2 Experimental procedure   
 
In this study, a pseudo orthogonal cutting test of medium carbon steel, JIS-S45C with 
a TiCN-coated cermet-cutting tool is carried out by an OKUMA turning center, as shown in 
Fig. 4.2. The insert has 0° rake angle and 10° clearance angle. In the orthogonal cutting tests, 
cutting speed vc range of 50, 100 and 200 m/min and depth-of cut a = 0.3 mm (feed rate f in y-
direction is 0.3 mm/rev) are applied. The depth-of-cut a (feed rate f) is chosen to be 10 times 
larger than the tool edge radius of 0.013 mm, which is assumed enough to neglect the effect of 
tool edge radius. The orthogonal cutting conditions and material properties are shown in 
Tables 4.1 and 4.2. 
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Fig. 4.3 Nozzle outlet to supply oil mist onto the cutting edge 
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Table 4.2 Material Properties of work material [26] 
Material   JIS S45C 
Young Modulus E [GPa] 212 
Density Ρ [kg/m3] 7850 
Vickers hardness HV0.3 [GPa] 1.96 
Volumetric heat capacity c [106 J/(m3·K)] 3.54 





Table 4.3 Properties of Oil Mist 
 
Cuting oil A B
Type Vegetable oil
Viscosity ν [mm2/s] 37
Oil content [%] 99 30
Flow rate q [cc/h] 30 100
Oil pressure p [MPa] 0.6
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In the experiments, both dry and MQL assisted cutting tests are executed, where the 
MQL outlet nozzle for orthogonal cutting is designed to supply oil mist onto the cutting edge 
accurately through the rake face as shown in Fig. 4.3. Two types of oil mist are used, based 
on the variable composition between non-toxic vegetable oil and water. The composition of 
Oil-A is 99% vegetable oil and 1% water, while the composition of Oil-B is 30% vegetable 
oil and 70% water. Oil-A is supplied at 30 mL/h, while Oil-B is supplied 100 mL/h onto the 
tool rake face during the cutting process, to ensure equivalent lubrication property with Oil-
A with additional cooling property. The properties of the oil mist applied throughout this 
study are summarized in Table 4.3.   
In the study, mean cutting temperature θm for each cutting condition is measured by 
the application of tool-work thermocouple method, as shown in Figs. 4.4 (a). Figs. 4.4 (b), 
(c) and (d) show the thermocouple calibration procedure, where pulse heating method by a 
pulse heater is utilized. Pairing connections between coated cutting tool material (TiCN-
coated cermet) or workpiece material, mild steel (S45C) with Chromel and Alumel-Chromel 
is heated in the pulse heater chamber by heating element in short period of time (Fig 4.4 (b)). 
During the heating and cooling period, output voltage is recorded by an electronic 
oscilloscope, as shown in Fig. 4.4 (c). The relationship between output voltage V and mean 
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Fig. 4.4 (a) Thermocouple method 
 
 
Fig. 4.4 (b) Pulse heater apparatus for thermocouple calibration 
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4.3 FEM Model Design for Temperature Analysis in MQL 
 
In this study, hybrid thermo-mechanical FEM model, which capable of estimating 
mechanical deformation along with heat generation and temperature distribution, is employed. 
Orthogonal cutting FEM simulation model is designed into the application of DEFORM™-
3D, whereby the workpiece and cutting tool geometries are designed and simplified by the 
application of Computer-Aided Design (CAD) software, as shown in Fig. 4.5 [13-21]. In the 
simulation, the FEM cutting tool is designed to resemble the actual geometry of the cutting-
tool at the cutting zone, with 0° rake angle and 10° clearance angle. The tool edge radius is 
designed shard as the orthogonal cutting depth is more than 10 times larger than the tool edge 
radius, similarly to the equivalent experimental procedure. 
 















Mean cutting temperature θm °C 
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Fig. 4.6 Mesh structure in FEM model 
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Fig. 4.6 shows the initial overall model meshing, where higher mesh density is 
designed around the tool-workpiece contact region where large plastic deformation occurs. 
All workpiece elements are fixed to deform in two-dimensional (x and y axes) similarly to the 
experimental approach. Adaptive meshing, ability to re-mesh whenever tool and workpiece’s 
mesh overlapping occurred is also applied, and the initial maximum number of elements in the 
tool is 10,000 elements, 50,000 elements for the workpiece. Here, arbitrary Lagrangian-
Eulerian (ALE) method is employed in terms of workpiece material formation [13-24]. 
Similar model in STEP 2 is utilized, where the gap size between the Eulerian boundary and 
the tool is equivalent to STEP 1 calculated chip thickness tcal for each cutting condition 
(cutting speed and type of MQL supplied) (Fig. 4.7). Continuous chip is assumed throughout 





Fig. 4.7 MQL Estimation FEM model (Model B) 
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In the current study, two out of three zones of heat source are taken into consideration, 
which is primary zone (shearing deformation) and secondary zone (frictional contact between 
tool rake face and chip), as shown in Fig. 4.8 [24]. 
As the ratio between tool edge and cutting depth is significantly large, the heat 
generation on tertiary zone (frictional contact between tool flank face and machined surface) 
is neglected. Although the mechanism of MQL during the cutting process is not yet fully 
understood, and it is still incapable of simulating the inhomogeneous physical characteristic of 
MQL mist, following assumptions is made in order to evaluate the influence of MQL during 
the cutting process:    
1. Oil mist completely covers the open surface of tool, chip and 
workpiece to the environment. 
2. MQL affects convective heat transfer coefficient, h properties during 
the cutting process. 
3. The contacts between tool and chip and tool and workpiece are 
thermally perfect, having a large thermal contact conductance 
coefficient, hc (1000 kW/ (m
2•K)). 
4. Thermal softening, hardening, and phase transformation of chip and 
workpiece are neglected in the FEM analysis. 
5. The mean temperature θm estimated from the contact zone, lc between 
tool and chip is calculated and compared to the experimental results. 
The boundary conditions and involved coefficients for temperature analysis are 
summarized in Fig. 4.9 and Table 4.4, respectively. 
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Fig. 4.9 Boundary condition for temperature analysis on MQL influence 
 
 
Table 4.4 Heat transfer coefficients in FEM analysis 
Heat Transfer 
Coefficient 




Tool-Chip Boundary hc [kW/(m2·K)] 1000 1000 1000 
Environment h [kW/(m2·K)] 0.02 0.35 30 
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4.4  Experimental and FEM Results and Discussions  
 
4.4.1 Mean cutting temperature of orthogonal cutting of mild steel, S45C 
Fig. 4.10 shows the relationship between cutting speed and mean cutting temperature 
measured by the tool-work thermocouple method during dry and MQL conditions. It is 
observed that, the mean cutting temperature increases with the increasing of cutting speed, 
due to increasing cutting energy, regardless the decreasing cutting force. Meanwhile, mean 
cutting temperature in MQL assisted cutting (Oil-A and Oil-B) is lower than that in the dry 
cutting. It is assumed that, the existence of foreign substance (oil or water molecule) between 
chip and tool surface is capable of absorbing or conducting the heat away from the cutting 
zone. Additionally, MQL assisted cutting with Oil-B shows significantly lower cutting 
temperature than Oil-A due to its water composition as coolant. The experimental results will 
be utilized to verify the FEM model later in this study. 
 
4.4.2 FEM evaluation on cutting temperature during MQL application 
In the previous chapter, it is proven that FEM model is capable of estimating cutting 
force F and tool-chip contact length lc with a good degree of accuracy (~12%). By utilizing 
the FEM estimated model and cutting force data, influence of MQL in terms of cutting 
temperature is evaluated.  
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Fig. 4.10 Relationship between cutting speed and experimentally measured mean cutting 
temperature 
 
Fig. 4.11 Relationship between cutting speed and mean cutting temperature estimated by 
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Fig. 4.11 shows the relationship between cutting speed vc and mean temperature θm at 
tool-chip contact zone estimated by the FEM analysis. It is observed that, mean temperature 
θm increases as the cutting speed vc increases, which has similar tendency to the experimental 
results. It is justified that, the FEM is capable of estimating the mean temperature θm in the 
orthogonal cutting process with a good degree of accuracy, when the appropriate convective 
heat transfer coefficient, h with respect to the type of mist is considered as a MQL cooling 
parameter. For more understandings on the effect of MQL during cutting process, temperature 
distribution comparison on cutting tool and chip estimated by FEM between dry and Oil-B is 
analyzed for cutting speed of 100 m/min, as shown in Fig. 4.12 (a), (b) and (c).    
It is observed that, estimated temperature distribution for orthogonal cutting process 
supplied with Oil-B is smaller than that in the dry process. It is also observed that lesser size 
of the highest temperature zone (red color zone) is estimated in the middle of tool-chip contact 
zone. Furthermore, the tool edge temperature T is reduced than that in the dry orthogonal 
cutting. It is observed that, the MQL is taken into effect instantaneously as the chip separated 
from the tool rake surface.    
It is assumed that, MQL is capable of enhancing the tool life by suppressing the size of 
the thermal affected zone (distribution zone) in the tool body during the cutting process. 
Additionally, coolant type MQL is capable of reducing the magnitude of temperature of the 
tool edge during the MQL assisted cutting process. Thus, the application of coolant type MQL 
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Fig. 4.12 Temperature distribution on tool and chip for cutting speed vc=100 m/min for (a) 
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4.4.3 Surveying for new MQL system (Extreme Cold Mist) by FEM  
 A survey has been made for a new MQL system based on lubrication and coolant 
effect of MQL, evaluated by FEM in Chapter 3 and current chapter, respectively. It can be 
summarized that, a good MQL system must have higher lubrication property, and higher 
convective heat transfer coefficient, h. Table 4.5 shows the types of surveyed MQL properties 
that are going to be tested through the application of FEM, which are Type I and Type II. Type 
I is the characteristic of the MQL system with Oil B supplied in extreme low temperature (-
13.6°C), while Type II is the characteristic of the MQL system with dry air supplied in 
extreme low temperature (-13.6°C). 
Figs. 4.13 (a) and (b) shows the temperature distribution and mean temperature at 




Table 4.5:  Properties of surveyed MQL  
Heat Transfer Coefficient   Dry Oil-B Type I Type II 
Contact heat transfer coefficient hc [kW/(m2·K)] 1000 1000 1000 1000 
Convective heat transfer 
coefficient 
h [kW/(m2·K)] 0.02 30 30 0.02 
       
Environment temperature T0 [°C] 20 20 -13.6 -13.6 
 
Type I: Target MQL properties (Extreme cold mist) 
Type II: Extreme cold air  
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Fig. 4.13 Temperature distribution on tool and chip for cutting speed vc=100 m/min for 
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 It is estimated by FEM that, the temperature distribution inside tool when saturated is 
smaller when higher convective heat transfer coefficient, h is applied (Oil B, Type I). This 
characteristic can be improved further by supplying extreme cold air -13.6 ˚C (Type I). It is 
estimated that, the new MQL system (Type I) is capable of reducing the tool edge temperature 
T up to 30% compared to conventional Oil-B supplied MQL system. This new MQL system is 
called Extreme Cold Mist and will be applied on the turning process difficult to cut material, 
which will be discussed in Chapter 6. 
 
4.4 Conclusions  
 
This chapter discussed about evaluating the effectiveness of MQL by simulating the 
cutting process through the application of FEM. The FEM model implemented Arbitrary 
Lagrangian-Eulerian (ALE), where chip thickness is pre-estimated along with the MQL 
friction coefficients. Convective heat transfer coefficient is taken into consideration in 
simulating the effect of MQL as coolant. Several conclusions can be made as following:  
1. The FEM analysis shows significant accuracy with the experimental results. The 
study shows that FEM can aid in understanding the influence of MQL during the 
cutting process.  
2. It is estimated from the survey; the new MQL systems (Extreme Cold Mist) have 
higher effectiveness in reducing the temperature, thus this new system is suggested to 
further the study onto cutting process of difficult-to-cut material.  
3. Additionally, further study can also be done on various types of MQL through FEM 
such as high pressure coolant and cryogenic MQL assisted cutting process in the 
future.    
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Cutting temperature is one of the most important parameters indicating the heat produced 
during cutting process, due to shearing deformation and frictional contact between the 
tool/chip and also the tool–workpiece interface, respectively. The higher the energy 
generated/needed in the cutting, the higher the cutting temperature will be; this relationship 
depends on the cutting depth, feed rate and cutting speed. Cutting temperature is also 
influenced by several other factors, including thermal conductivity, tool/workpiece hardness, 
ductility, coolant, and lubrication [1]. 
Temperature – especially high-temperature – is very important in cutting due to its 
effects. Excessive thermal energy generated during cutting is one possible factor in lowering 
the strength, hardness, stiffness and wear resistance to the cutting tool, which in turn can lead 
to plastic deformation that changes the tool’s geometry. Such immoderate energy also 
influences accuracy and dimension on the workpiece during cutting. At a very high cutting 
temperature, thermal damage and metallurgical changes usually occurs and induces undesired 
properties on the machined surface [2].   
Materials are continuously emitting electromagnetic radiation as atoms and molecules 
detach due to internal energy. Electromagnetic radiation wavelengths can be tens of meters 
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(the length of a radio wave) or as small as 1.µm or below (the wavelength of cosmic rays). 
This study only considers thermal radiation, which is emitted by all elements or substances in 
the universe. 
Fig. 5.1 shows the wavelength and frequency domains of thermal radiation, showing the 
respective positions on the electromagnetic spectrum. The thermal radiation domain is 
positioned approximately between 0.1 and 100 mm. The visible range is situated roughly 
between the wavelengths of 0.4 and 0.7 mm. As wavelengths increase, the thermal radiation 
domain can be divided into three consecutive sub domains: the ultraviolet range, the visible 
range, and the infrared range. 
The intensity of thermal radiation, I, is defined as the radiant energy per unit of time per 
unit of solid angle per unit of area of the emitter, projected normally to the line of view of the 
receiver from the radiation element [6]. Quantum arguments of Planck [7], verified 
experimentally, have shown that for a blackbody, the spectral distributions of hemispherical 
emissive power and radiant intensity in a vacuum are given as a function of wavelength l and 
the blackbody’s absolute temperature T. The monochromatic intensity of blackbody radiation, 








k =1.3805  1023 J/K is the Boltzmann constant,  
h =6.6256  1034 J·s is the Planck constant,  
c =3108 m/s is the speed of light in a vacuum.  
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Fig. 5.1 Wavelength and frequency domains of thermal radiation and positions on the 
electromagnetic spectrum 
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The unit of Ibλ is W/(m
3·sr), the number of Watts per unit of wavelength (W); the unit of 
the area normal to the ray is m2, and the unit of the solid angle is sr, steradian. The total 
intensity of blackbody radiation, Ib, is acquired by integrating the monochromatic intensity, Ibλ, 
over the entire radiation spectrum: 
 
𝐼𝑏(𝑇) = ∫ 𝐼𝑏𝜆
𝜆
(𝜆, 𝑇)𝑑𝜆 (5.2) 
The total intensity represents the energy conveyed by the ray (in a certain direction) per 
unit of time, solid angle, and area normal to the direction of the ray. By multiplying π by Ibλ, 
the monochromatic hemispherical emissive power of the black surface, Ebλ, can be obtained 
as: 












   (5.3) 
 
For which the values of the constants C1 and C2 can be deducted from equation (5.1): 
 
C1=2πhc






The unit of Ebλ is W/m
3, which is the energy per unit of time, wavelength, and surface 
area.Fig.5.2 shows the Ebλ(λ,T) function for several temperatures. The monochromatic 
emissive power is shown to intensely increase with the absolute temperature. A maximum 
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Ebλvalue is registered at a characteristic wavelength for each temperature by solving 
0 bE in conjunction with Eq. (5.8): 
 
λT=2.898 x 10-3m·K (5.6) 
 
This is known as Wien’s displacement law [8], and describes the locus of the Ebλ 
maximum, represented by a straight line in the logarithmic field, as shown in Fig. 5.2. As 
seen here, the wavelength of maximum Ebλ varies inversely with the absolute temperature, 
leading to the conclusion that the bulk of the energy emitted by a blackbody, shifts to 
gradually shorter wavelengths.  
 In conclusion, the monochromatic emissive power Ebλ represents the heat flux emitted 
from a surface area along all the rays intersected by the hemisphere per unit of wavelength 
interval. The total hemispherical emissive power of blackbody Eb is calculated by integrating 
Eq. (5.2) over all the wavelengths of the radiation spectrum: 
 
    

 dTETE bb  ,  (5.7) 
 
  4TTEb   (5.8) 
 
Here, σ = 5.6697  108W/(m2·K4) is the Stefan–Boltzmann constant. From equations 
(5.3) and (5.8), it is clear that the total energy radiated from a surface depends on the 
temperature of the surface; therefore, the temperature of an object can be determined by 
measuring the total energy radiated. The infrared radiation pyrometer is based on this 
phenomenon. A blackbody has both an ideal surface and an ‘actual’ surface; the actual object 
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has a total emissive power that is less than the emissive power radiating from the blackbody. 
The emissive power of this ‘real’ surface is highly affected by the emissivity of the surface. 
The emissivity is defined as a ratio of the total emissive power of the surface to that of a 
blackbody at the same temperature. This problem led to the development of the two-color 
pyrometer that will be used in this study.  
 
5.2 Basic principles of two-color pyrometer 
  
The diagram of the pyrometer is shown in Fig. 5.3. The pyrometer consists of optical 
fibers, sensors and operational amplifiers that have been arranged to collect channel and 
change the thermal radiation (on the infrared spectrum) to an electrical signal that is recorded 
with an oscilloscope. Two infrared sensors/detectors are used to detect different spectra of 
wavelength. 
In cutting, thermal energy is emitted by the tool. In this study, the target area is the flank 
face near to the cutting edge. The thermal energy is emitted on the infrared spectrum and is 
collected by the end of the chalcogenide fiber. This infrared ray will be transmitted through 
the fiber to the two-color detector. The detector consists of two types of detector assembled in 
a sandwich configuration, which convert the infrared ray to electrical signals. These signals 
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Fig. 5.4 Structure of the step-index optical fiber 
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5.2.1 Components of two-color pyrometer 
 It is essential to perform proper selection of optical fiber, infrared detector and other 
important components of the pyrometer in order to ensure the accuracy and functionality of 
the built pyrometer. In this section, the main components of the two-color pyrometer will 
therefore be discussed in detail. 
 
5.2.2 Optical fiber 
There are two major groups in the production of optical fiber: multimode and single-
mode. Multi-mode fiber is categorized into two further types: step-index and graded-index. In 
graded-index fiber, the core refractive index is differentiated by the radial distance originating 
from the center of the fiber in the form of a function. 
In this study, step-index NSG chalcogenide optical fiber is used to build the pyrometer 
[14]. Fig. 5.4 illustrates the structure of the step-index optical fiber. Since the core’s refraction 
index, n1, is higher than the index of the cladding’s refraction, n2, the ray that enters the core 
at a smaller angle than the critical angle is guided along the fiber. The critical angle 
(minimum angle for total internal reflection) is regulated by the index of the refraction 
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The rays that reach the boundary at a low angle are diverted from the core into the 
cladding, and there is no light transfer along the fiber. The acceptance angle of the fiber is 
influenced by the critical angle, described as a numerical aperture (NA). The NA is defined as 

































A high value of NA will allow the light to transmit through the fiber near to the axis and 
at numerous angles, permitting efficient coupling of light transmitted into the fiber. On the 
other hand, it will also prompt increased dispersion of rays at different angles, which acquire 
different path lengths and different times of transmission through the fiber. The ratio of the 
change in the refractive index of the core and cladding is called a relative refractive index 















As the refractive index for the atmosphere is n0=1, the maximum acceptance angle ξm of 










CHAPTER 5: TEMPERATURE MEASUREMENT DURING MACHINING PROCESS – 




5.2.3 Characteristics of optical fiber 
 Within a continuous fiber, structural and chemical imperfections affecting absorption 
and scattering contribute to transmission loss. Absorption loss due to elements such as Cr, Mn, 
Co, Fe, Ni, Cu, and V inside the fiber material has been detected previously [11]. These 
elements, especially Cr and V, affect loss at λ > 0.8 µm. In this study, this type of absorption 
loss is insignificant due to the satisfactory reduction of the impurity. Meanwhile, density 
fluctuation in the fiber may also cause transmission loss, as all transparent materials have 
intrinsic spatial density fluctuation [11]. This fluctuation affects the refractive index 
fluctuation and subsequently the Rayleigh scattering. Curvature of the fiber routes allows an 
acceptable level of radiation loss in some modes. Geometrical non-uniformity at the core–
cladding boundary also contributes to transmission loss. The surfaces at both ends of the 
optical fiber have to be smooth in order to inhibit this; these surfaces are therefore polished. 
 
Fig. 5.5 Spectral transmittance of chalcogenide glass fiber 
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 The NSG chalcogenide optical-fiber wavelength is shown in Fig. 5.5. It can be seen 
that it is possible to measure temperatures as low as 300oC using this optical fiber. Table 5.1 
shows the detailed characteristics of the NSG chalcogenide glass fiber [16].  
 
5.2.4 Measuring area of the optical fiber  
Fig. 5.6 (a) shows the schematic illustration of measuring area at the incidence face of 
the optical fiber. The fiber is placed perpendicular to and at a distance of t from the object.ds 
is the diameter of the target area. Fig. 5.6 (b) shows the relationship between measuring 
distance, t and diameter of the target area, ds. It can be seen that by increasing the 
measurement distance, the target diameter can also be increased. It has been shown previously 
that the measuring distance does not influence the output of the two-color pyrometer [5]. In 
this study, the measuring distances were fixed at 0.5 mm, yielding a target-area diameter of 
0.74 mm.  
 
Table 5.1 Specifications of chalcogenide glass fiber 
 
 Core diameter d c 400,500 mm
Numerical aperture NA 0.4
Refrective index distribution Step type
Acceptance angle m 23.58 deg
 600 
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ds =2t・ tanm + dc
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Fig. 5.7 Spectral transmittance of InAs and InSb detectors 
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5.3 Construction of pyrometer 
 
Two types of infrared detector are available: thermal, and photon. Thermal detectors 
convert radiated power from infrared rays into measured parameters without any conversion. 
The bolometer [12], Gollay cell [13] and thermopile [14] are categorized as thermal detectors. 
On the other hand, photon detectors respond to incident radiation electronically. These types 
of detector respond much faster, as the radiation does not need to come from an object that is 
only being heated. 
Photon detectors are subdivided into two distinct types: photoconductive and 
photovoltaic. These detectors differ in their construction. As suggested in the name, 
photoconductors are fundamentally poor conductors, whose conductivity is improved with the 
presence of photon-generated carriers; meanwhile, photovoltaic detectors are diodes that 
generate an electromotive force when photons are detected. The advantages of photovoltaic 
detectors over photoconductive detectors are improved theoretical limit to signal-to-noise 
ratio, modest biasing and more accurately predictable responsivity. Photovoltaic detectors are 
more delicate in comparison to photoconductors, however, as they are more vulnerable to 
electrical discharge and physical damage during handling. 
In this study, Indium Arsenide (InAs) and Indium Antimony (InSb), are used as infrared 
detectors. The characteristic of InAs and InSb detectors are shown in Table 5.2. These 
detectors are mounted in a sandwich formation with InAs positioned in front of InSb. The 
range of detectable wavelength for the sensors’ configuration is 1 µm to 5.5 µm; the range of 
InAs is from 1 µm to 3 µm, with the rest of the wavelength covered by InSb. Fig. 5.7 visually 
explains the spectral transmittance of pyrometer sensors. It is crucial that these sensors are 
kept at a low operational temperature of 77K using liquid nitrogen. 
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The configuration of the chalcogenide fibers and detectors used in in the experiment is 
used to measure the temperature from the desired area. Due to the range covered by the 
chalcogenide fiber and the InAs/InSb detectors, the pyrometer range is between 1 and 5.5 µm. 
This set-up, which gives a flat response from 10 Hz to 400 Hz, is suitable for use in turning, 
with a good degree of accuracy. This pyrometer assembly has been successfully implemented 
in cutting and milling. 
 
5.3.1 Amplifier 
The infrared detectors built into the two-color pyrometer used in this study have a 
desired response time that is suitable for internal cutting at low and high speed. For this 
purpose, the response performance of the conversion amplification circuit is required to be 
higher than the response speed of the infrared detectors. Fig. 5.8 shows the schematic diagram 
of the amplifier for the InAs and InSb cells. In this circuit, the output current from the infrared 
detecting element is amplified by converting it into a voltage by the amplifying circuit, and 
both the InAs element and the InSb element are placed in the same circuit. The frequency 
characteristic of the entire thermometer including this circuit is about 400 kHz (1 dB 
attenuation) and it has sufficient performance. 
Detector InAs InSb
Spectral respons range [m] 1.0~3.7 1.5~5.6









Response time [s] 1 1
Operating temperature [K] 77 77
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5.3.2 Pyrometer calibration 
In measuring temperature using infrared signals, emissivity is encountered as a problem. 
To address this, two types of infrared sensor are used to measure the temperature from the 
infrared radiation, rather than just one. In this study, the oscilloscope records two signals. As 
mentioned above, the two-color detector comprises two distinct sensors: InAs positioned in 
front of InSb, both acts as a photovoltaic sensor. These detectors produce two electrical 
signals in millivolts that will be used to calculate the tool flank-face temperature. This avoids 
the emissivity problem.  
In theory, this type of pyrometer is capable of measuring the total energy radiated from 
the surface of the target object. Here, the object is presumed to have a blackbody surface at 
uniform temperature with no losses to the surroundings. The calibration curve is based on the 
 
Fig. 5.9 Schematic set-up of pyrometer calibration 
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Ebλ(λ,T)   : the spectral emissive power of a blackbody 
ε1(λ,T), ε2(l,T)  : emissivity of the object 
ω1, ω2   : constant 
F(λ)   : spectral transmittance of optical fiber  
DInAs(λ), DInSb(λ)  : spectral transmittance of detector cell. 
This calibration curve is then verified experimentally and compared to the theoretical 
curve. 
In relating the voltage ratio to the temperature value, it is important to calibrate the 
detectors. This is done by using the heating element (TiN-TiCN-TiN), which is treated as a 
heating blackbody. Fig. 5.9 shows the set-up for pyrometer calibration. This set-up calibrates 
the output voltage from the InAs/InSb detector and tests it against the theoretical curve 
obtained from the theoretical equation. 
The temperature readings from the thermocouple are then plotted against the ratio from 
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This chapter has explained the temperature measurement technique that has been used in 
this study. The pyrometer set-up has been designed and proven to be able to measure 
temperature, even in MQL conditions. The conclusions of this chapter are as follows. 
1. Temperature measurement is obtained using the voltage ratio of the InAs and InSb 
outputs. Emissivity is not a problem here and can be ignored.  
2. A pyrometer assembly consisting of chalcogenide fiber and InAs and InSb detectors 
can be used for this study. Based on previous research, this pyrometer has a 




























Rotary : φ400 µm 
Fixed : φ600 µm 
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INFLUENCE OF EXTREME COLD MIST ON 





During the cutting process of difficult-to-cut material, excessive heat generation is one of 
the main problems related to the severe tool wear occurrences and surface finish deterioration. 
This is due to a large amount of energy is needed to overcome the mechanical and chemical 
properties of difficult-to-cut material during the process [1]. Several approaches are taken into 
consideration to enhance the tool performance [1-4]. Previous studies showed that, the dry 
machining is the optimum solution in most of the cutting process of soft and mild material [5]. 
However, the method is less effective in machining difficult-to-cut material. A near-dry 
cutting condition is proposed where Minimum Quantity Lubrication (MQL) is implemented 
into the cutting process. In MQL, tool-chip interface (cutting zone) is supplied with a small 
amount of cutting in the form of micro scale droplets [4]. There are several types of MQL 
cutting fluids; oil-based cutting fluid in terms of lubrication and emulsion-based (made of 
soluble oil in water), water-based or air-based cutting fluids in terms of coolant [4]. 
During the lubrication process, MQL system is capable of reducing the friction on the 
contact between tool, chip and workpiece, while during the cooling process; MQL system is 
capable of providing efficient heat exchange through conduction. As for the example, water 
based MQL has higher specific heat capacity compared to oil based cutting fluid [4]. Thus, it 





is proven that, the MQL is able to improve the tribological characteristic of the interfaces, 
along with conducting away the excessive heat from the cutting zone [1-4].    
In this study, the application various types of MQL methods are tested in turning process 
of difficult-to-machine materials, stainless steel SUS316. The efficiency of each MQL system 
in improving the machinability of stainless steel SUS316 is analyzed in terms of cutting force 
F and cutting temperature T with relative assessment with dry cutting, along with finish 
surface roughness.   
 
6.1.1 Difficult to cut material, stainless steel SUS316 
Stainless steel, SUS316 is an austenitic chromium nickel stainless steel consisting of 
molybdenum, as shown in Table 6.1, which increases resistance to corrosion. The 
molybdenum element enhances the resistance to chloride ion solutions, and provides extended 
strength at high temperatures. Stainless steel SUS 316 is applied generally in the industrial 
sector that involves processing chemicals, as well as deep-sea environment, such as coastal 






Table 6.1 Stainless Steel SUS 316 Material composition 
 
 Element (%) 




SUS316 16–18 10–14 0.08 2 0.75 0.045 0.03 0.10 
2.0 
–3.0 





6.1.2 Application of pyrometer for temperature measurement 
Fig. 6.1 shows schematic diagram of the two-color pyrometer applied in the experiment. 
During the cutting process, fiber-coupling method is applied. In this method, a small-diameter 
optical fiber-A (400µm) is fixed into the workpiece, sighting on the infrared radiated from the 
heat source (cutting tool edge). The fiber is rotated together with the workpiece, accepting the 
radiation energy, and transmitting it to the large diameter optical fiber-B (600µm), and then to 
the two-color pyrometer.  
The pyrometer is constructed from a sequence arrangement of photovoltaic InAs and 
InSb sensors, where InSb sensor is placed at the back surface of InAs sensor (Fig. 6.1 (b)). 
Temperature measured by the pyrometer is estimated from the output ratio of both sensors. 
The pyrometer is highly responsive, and a stable output is obtainable with respect to the input 
up to 100 kHz input from a minuscule size of measurement area. Previous studies have 
successfully measured the temperature from various machining processes, and it is proven 












Fig. 6.1 Detail of measuring point of tool edge temperature 
 
Fig. 6.2 Sudden acceleration detection by acceleration pickup 
 











































6.2.1 Experimental procedure 
In this study, a special design workpiece for optical fiber application in temperature 
measurement is prepared, as shown in Fig.  6.1. The temperature at the flank surface of 
cutting edge is measured when the tool pass through the hole where the fiber was fixed (Fig. 
6.2(a)). Accurate timing of sensor output is taken by an acceleration pickup; in obtaining 
sudden acceleration as the tool edge hit the hole (Fig. 6.2(b)). Cutting forces are measured by 
a strain gauge dynamometer while cutting temperature is measured by the two-color 
pyrometer. In this study, stainless steel SUS316 is selected as workpiece. Overall 
experimental setup is shown in Fig. 6.3, while, material properties and main experimental 
conditions are shown in Table 6.2 and Table 6.3. 
 
6.2.2 Minimum quantity lubrication (MQL) system 
In this study, a system capable of supplying several types of heterogeneous Minimum 
Quantity Lubrication (MQL) cutting fluids to the rake and flank surface of the cutting tool are 
designed. MQL with lubrication characteristic is supplied onto the rake face of the tool by 
rake face nozzle. The characteristics of cutting fluids applied in the study and MQL systems 
are shown in Table 6.4 and Table 6.5, respectively. Hydroscopic oil mist with coolant 
characteristic is supplied onto flank face with the application of flexible nozzle (Fig.6.4) in 
MQL system Type D. For MQL system Type C and E, the flexible nozzle is connected to an 
air cooler, which is connected to an air dryer to supply extreme cold air (-13.6°C). 
 
 






Table 6.2 Material properties 
Materials TiCN-coated Cermet SUS316 
Young Modulus, E (GPa) 650 205 
Poisson Ratio, ε 0.25 0.30 
Thermal Conductivity, k (W/(m·K)) 59 17 
Density, ρ (kg/m3) 14900 8070 
Volumetric Heat Capacity, c 
(106 J/(m3·K)) 
15.0 2.78 




Table 6.3 Cutting condition for conventional turning 
Workpiece : Stainless Steel (SUS316) 
Cutting Tool Model 
Nose Radius 









TiCN Coated Cermet 
Cutting Condition 
Cutting Speed 









50 ~ 200(m/min) 
0.5(mm) 
0.3(mm/rev) 
Dry, Various types of dual spray MQL, MQL and cold 
air 
 
Table 6.4 Characteristic of cutting fluid for conventional turning process 
Fluid Type 





Viscosity [mm2/s] 37 
Oil Contents [%] 
Oil A  




Oil Pressure [Mpa] 
Cold air Pressure [Mpa] 
0.6 
0.6 
Cold air temperature [˚C] -13.6 
 
 






Table 6.5 Variation of MQL supplying system applied 
System 
Type 








Total fluid rate 
(mL/h) 
Dry Dry - Dry - - 
A Oil A 30 Dry - 30 
B Oil B 100 Dry - 100 
C Oil A 30 Cold air - 30 
D Oil A 30 Oil B 100 130 
E Oil A 30 




It should be noted that in MQL system type A and B, cutting fluid is supplied onto the 
rake face only. In MQL system type C, D and E, Oil A is supplied onto the rake face while 
various combinations of hydroscopic oil (Oil B) and cold air are supplied onto the flank face. 
MQL system Type E is the important Extreme Cold Mist system, which will be focused on 






































Fig. 6.4 MQL supplying method onto rake and flank face of the tool during cutting 
process  














6.3   Results and discussions 
 
6.3.1 Influence of MQL onto cutting force on cutting process stainless steel 
SUS316 
Figs. 6.5 (a), 6.5 (b) and 6.5 (c) show the relationship between cutting speed vc and 
cutting force components: principal force Fp, thrust force Ft, and feed force Ff, for the cutting 
process of stainless steel (SUS316) with TiCN-coated cermet cutting tool, respectively. The 
cutting process involves several types of MQL systems, for depth-of-cut a=0.5 mm, and feed 
rate f=0.3 mm/rev. 
It is observed that the cutting force F decreases as the cutting speed vc increases. The 
principal force Fp decreases up to approximately 50N with the application of MQL Type A 
and E, while feed force Ff and thrust force Ft decrease up to nearly 30N and 60N, respectively 
with the application of MQL Type E.  
It is assumed that the oil mist can penetrate the contact zone between chip and tool with 
high efficiency for MQL system Type A and Type E, where both systems are capable of 
reducing the principal force, Fp effectively. However, only MQL system Type E is able to 
reduce the feed force Ff and thrust force Ft with higher efficiency. This is due to the MQL 
system Type E is capable of reducing the temperature at the tool flank with its extremely low 
temperature cold mist and higher total fluid rate.  
 











Fig 6.5 (b) Relationship between cutting speed vc and feed force Ff  for various MQL 
systems 
 







Fig 6.6 (a): Relationship between cutting speed vc and mean surface roughness Ra for 
various MQL systems 
 
 









6.3.2 Influence of MQL onto surface roughness on cutting process stainless 
steel SUS316 
Fig. 6.6 (a) shows the relationship between cutting speed vc and mean surface roughness, 
Ra (during the cutting process of stainless steel SUS 316 with TiCN-coated cermet cutting tool 
in dry and MQL system Type A, C and E for depth-of-cut a=0.5 mm and feed rate f =0.3 
mm/rev cutting conditions. 
It is observed that, the mean surface roughness Ra decreases as cutting speed vc increases. 
Meanwhile, MQL system Type E shows the lowest mean surface roughness Ra followed by 
MQL system Type C. It can be understood that, the low-temperature MQL is capable of 
increasing the tool rigidity and increasing the smoothness of chip flow. The MQL System 
type E can reduce the frictional coefficient along with tool temperature, improving the surface 
roughness of the machined surface, as shown as in Fig. 6.6 (b). 
 
  
Fig 6.6 (b) Surface roughness profile comparison between MQL system Type A (left) , 
MQL system Type E (right) and ideal surface roughness profile (red line) 
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6.3.3 Influence of MQL onto tool edge temperature on cutting process 
stainless steel SUS316 
Fig. 6.7 shows the relationship between cutting speed vc and tool edge temperature, θ 
(during the cutting process of stainless steel (SUS 316) with the TiCN-coated cermet cutting 
tool in dry and MQL system Type A, C and E. Typical output reading is shown in Fig. 6.8. 
It is observed that, the cutting temperature of Extreme Cold Mist system shows the 
lowest tool edge temperature, up to 100~150°C compared to dry cutting condition, and up to 
50°C compared to MQL system Type C. It can be assumed that during the Extreme Cold Mist 
system, the tool edge is cooled by forced heat convection of extreme cold air, plus with latent 
 
Fig. 6.7 Relationship between relationship between cutting speed vc and tool edge 
temperature, θ for various MQL systems 
 
Cutting speed, vc: 50 ~ 200 (m/min)  
Cutting depth, a : 0.5(mm)  
Feed rate, f : 0.3(mm/rev) 





heat of oil mist (Hydroscopic oil).  
Additionally, in MQL system Type E (Extreme Cold Mist system), the lubrication is 
improved and cutting chip is removed smoothly (refer to Fig. 6.6). Thus, the temperature is 
reduced further due to stable cutting process. 
In term of cutting efficiency, by taken into consideration of the tool edge temperature for 
cutting speed 200 m/min for MQL system Type E (Extreme Cold Mist system), which is 
700°C, the equivalent temperature for dry cutting process is at the cutting speed of 50 m/min. 
Thus, the cutting efficiency through the application of MQL system Type E (Extreme Cold 
Mist system) is 200/50 = 4 times higher than dry cutting.  
In MQL System Type C, where only extreme cold air is supplied onto the flank face, it is 
assumed that heat convection of temperature from the tool surface is insufficient and 
ineffective compared to the mixture of cold air and hydroscopic oil mist. Additionally, it was 
found during the study that, when the hydroscopic oil that contains a lot of water is supplied 
 
Fig. 6.8 Typical output signal by the two-color pyrometer 





with lower flow rate; the oil agent freezes when the cold air mist gets below the freezing point, 
removing the original lubricity. However, the system is improved by increasing the flow rate 
of the hydroscopic oil supply several times higher, where the original lubricity is maintained 
without freezing even at freezing temperatures. Along with the best results of cutting 
resistance, finish surface roughness, and tool flank temperature obtained during the cutting 
process, it can be concluded that, MQL system Type E (Extreme Cold Mist system) is the best 




In this study, turning processing experiments were conducted on stainless steel (SUS316) 
with the application of various MQL conditions. Cutting force was measured and the effect of 
cold air was studied. Several conclusions can be made as following. 
(1) Supplying vegetable oil to the rake face is able to reduce principal cutting force 
Fp  up to 50N compared to the dry method, whereas the vegetable oil mist is able 
to lubricate the contact surface between tool and chip. 
(2) By supplying cold air (–13.6°C) with hydroscopic oil (Extreme Cold Mist 
system) at 100mL/h  volume rate,  the system is able to reduce the feed force Ff  
and thrust force Ft  up to 30 N and 60 N compared to dry method, respectively. 
(3) By supplying cold air (–13.6°C) to the flank face (Extreme Cold Mist system), the 
finished surface roughness is greatly improved compared with the dry method. 
(4) By supplying cold air (–13.6°C) to the flank face (Extreme Cold Mist system), 
cutting temperature is reduced up to 100~150°C compared to dry cutting 
condition. 





(5) During the application of Extreme Cold Mist system, the effectiveness of cutting 
process is increased 4 times higher than dry cutting. 
(6) Based on the best results obtained from cutting force, finish surface roughness 
and tool flank temperature, it can be concluded that Extreme Cold Mist system is 
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This study aims to make it clear about the lubrication and cooling effects in MQL 
during cutting process through simulation analyses and experimental validation, as well as 
proposing a new MQL system in improving the cutting process of difficult-to-cut material. 
Several MQL systems are tested, and cutting characteristic for each system is analyzed. In the 
early stage of the study, two FEM models are utilized to evaluate MQL. While later in the 
study, a new MQL system is proposed and tested on cutting process difficult-to-cut material. 
The new MQL system is proven able to decrease cutting force, suppressing the increment of 
cutting temperature and extending the tool life.  
It is revealed through the study that, supplying heterogeneous oil MQL is considered 
as a method with high possibility. Several parameters, such as direction and range of the 
MQL nozzle, and flow rate significantly affect the efficiency within the system, where the 
ability to supply MQL accurately onto the cutting zone is important.   
In the study, FEM evaluation of the influence of the MQL in cutting process of mild 
steel S45C is discussed. Two serial FEM analytical orthogonal models were designed and 
executed using the application package software Deforms™-3D. Orthogonal cutting tests of 
medium steel JIS S45C was executed with the TiCN-coated cermet tool in order verify the 
FEM models. Three significant parameters (MQL friction coefficients; chip thickness and 
contact length) are observed from the orthogonal cutting experiment and considered as 
important MQL parameters. Finally, evaluation with the finite-element method is executed by 




the application of DEFORM™-3D software. It is proven that, FEM is capable of evaluating 
the MQL characteristic with a good degree of accuracy.    
Chapter 2 explains the fundamental understanding that is needed on mechanics, 
parameters, models, and formulations involved in metal cutting, that is needed in designing 
an effective FEM model. Cutting process is complicated, whereas involvement of numbers of 
parameters, affected the process outcomes. Characteristics for several FEM models were 
discussed, from simplified 2D orthogonal cutting model to complex 3D cutting model in 
FEM to imitate the actual process. It is an invaluable effort, in improving the knowledge and 
understanding, as well as increasing the efficiency in production and manufacturing systems 
and industries.    
In Chapter 3, several FEM models in evaluating MQL were designed for the 
application of SFTC DEFORM™-3D. Equivalent orthogonal cutting process of the medium 
carbon steel, JIS S45C, is also executed. The FEM models are considered interrelated, and 
the validity of the models is verified by the experimental data for dry and MQL cutting tests. 
Experimentally obtained data, such as the cutting force, MQL friction coefficient µMQL, 
contact length lc, and chip thickness tc, is utilized in validating the FEM mode. FEM model 
with Arbitrary Lagrangian-Eulerian (ALE) formulation applied pre-determined chip thickness 
along with MQL friction coefficients. It is found that, the cutting force has a direct 
relationship with MQL friction coefficient and chip thickness. This phenomenon is proven by 
FEM, where the varying MQL friction coefficient inputs obtained from the experimental 
procedure on various types of MQL affected the estimated cutting force. The FEM shows 
significant accuracy with the experimental results. The study shows that, the FEM can aid in 
understanding the influence of MQL during the cutting process, in terms of lubrication effect.   




In Chapter 4, the FEM model is designed with the convective heat transfer coefficients 
is taken into consideration in evaluating the effect of MQL as coolant. Experimental 
procedure for temperature measurement with the application of thermocouple is executed. 
Mean temperature for each MQL system is measured and the effect of MQL as a coolant is 
observed. It is found that MQL system with the convective heat transfer coefficients can 
reduce the cutting temperature during the experiment. This characteristic is taken into 
consideration and FEM evaluation on MQL in terms of cooling effect is done. FEM results 
show good agreement with the experimental data, thus it is proven that cooling type MQL 
requires cutting fluids that have a higher convective heat transfer coefficient. This 
information is appreciated in surveying new type of MQL system, where Extreme Cold Mist 
MQL system is proposed and utilized during the cutting process difficult-to-cut material.    
Chapter 5 explains the temperature measurement technique that has been used 
throughout this study. The pyrometer setup has been designed and proven to be able to 
measure temperature, even in wet conditions, whereas temperature measurement is obtained 
using the voltage ratio of the InAs and InSb outputs.   
In Chapter 6, conventional turning process is executed on stainless steel (SUS316) 
with the application of various MQL conditions, including the surveyed MQL system in 
Chapter 4, Extreme Cold Mist system. Cutting force was measured and the effect of cold air 
was studied. It is proven that, supplying vegetable oil to the rake face can reduce principal 
cutting force component Fp up to 50N compared to the dry type, whereas the vegetable oil 
mist capable of lubricating the contact surface between tool and chip. However, by utilizing 
Extreme Cold Mist system, (cold air (–13.6°C) + hydroscopic oil with 100mL/h volume rate), 
capable of decreasing feed force Ff and thrust force Ft component up to 30 N and 60 N 
compared to dry type, respectively. Additionally, by applying Extreme Cold Mist system (–




13.6°C) to the flank face, the finished surface roughness is greatly improved compared with 
the dry type. This is supported by the results of tool edge temperature where it is proven that 
the Extreme Cold Mist system can reduce the cutting temperature significantly, thus it is 
assumed capable to reduce tool wear and increase tool life.    
The study showed the capability of FEM in evaluating the influence of MQL, 
validated by the experimental works, not only from the view of improvement of 
manufacturing understanding and efficiency, but also in tribological and material perspective. 
It is recommended that, mechanic of contact during the cutting process to be viewed in 
molecular level, in improving the understanding the mechanic of MQL during contact 
between two surfaces, especially in the case of cutting process. Further study can be done in 
various types of MQL, such as high-pressure coolant and cryogenic cutting process and 
cutting process of difficult-to-cut material. Furthermore, the proposed FEM process can be 
utilized in estimating principal force, Fp, thrust force, Ft, chip thickness, tc and contact length, 
lc with a good degree of accuracy. New MQL systems can be developed, and more studies 
can be done with the application of FEM in the future.  
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